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Abstract
In this work, we use the results from Higgs searches in the ττ¯ and γγ decay channels at LHC and indirect bounds
as BR(B→ Xsγ) to constrain the parameter space of a generic MSSM Higgs sector. In particular, we include the
latest CMS results to look for additional Higgs states with masses up to 1 TeV. We show that the ττ¯ channel is the
best and most accurate weapon in the hunt for new Higgs states beyond the Standard Model. We obtain that recent
experimental results rule out additional neutral Higgs bosons in a generic MSSM below 300 GeV for any value of
tan β and that, for instance, values of tan β above 30 are only possible for Higgs masses above 600 GeV. ATLAS stored
data have the potential to render this bound obsolete in the near future.
Keywords: Higgs Physics, Beyond Standard Model, Supersymmetric Standard Model
1. Introduction
This work is a summary of the analysis carried out in
Ref.[1] where the authors studied the possibility of hav-
ing a light Higgs similar to the discovered boson at the
LHC within a generalised MSSM model with CP vio-
lation. The ﬁnal goal was to gain understanding about
the nature of the observed resonance at 126 GeV, in ad-
dition to, looking for some signatures from which the
existence of new particles, such as extra Higgs states,
might be inferred. Our strategy consisted of analysing
the compatibility between some key experimental sig-
natures coming from the latest LHC results on Higgs
observables and indirect constraints at low energy, mak-
ing use of a semi-analytic approach complementing the
usual general scans. This way we obtained a better un-
derstanding of the phenomenology being able, at the
same time, to neatly exclude wide regions without the
risk of missing small areas with unexpected cancella-
tions. More details about the calculations can be found
in Ref.[2].
The framework of our analysis is a generic MSSM
model deﬁned at the electroweak scale with explicit CP
Violation. The lightest Higgs was designated to be the
measured boson and hence its mass was ﬁxed at 126
GeV. The rest of the model parameters were treated as
free and independent, only constrained by experimen-
tal data. In this sense, this scheme can be thought of
as the most general one since it encompasses all possi-
ble MSSM realisations due to the absence of theoretical
assumptions. For instance, we do not impose the cor-
rect EWSB and, therefore, the Higgs masses, mixings
and even the μ term have no settled values. In fact, they
are taken to vary in a determined range during the scan.
Consequently, this studio can be contemplated as the
most conservative in view of the fact that we scrutinize
all the allowed areas in the parameter space, even when
some of these points may not be possible in a complete
model.
The Higgs sector in consideration is the usual type II
2HdM where CP-violating phases are introduced. Then,
the neutral Higgses will be a mixture between the scalar
and pseudoscalar states. The two scalar doublets in the
Lagrangian are:
Φ1 =
( 1√
2
(v1 + φ1 + ia1)
φ−1
)
Φ2 = eiξ
(
φ+2
1√
2
(v2 + φ2 + ia2)
)
where v1 and v2 are the Higgs vacuum expectation
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values.
The mass matrix for the physical states can be written
on the basis (φ1, φ2, a), with a = a1 sin β + a2 cos β, as:
M2H =
(
M2S M
2
S P
M2PS M
2
P
)
(1)
where the M2S P element reﬂects the size of the scalar-
pseudoscalar mixing. From here it is clear that the mass
matrix will not be diagonal. However, it is always pos-
sible to ﬁnd a unitary matrix, U, which diagonalises it
in the following way:
U · M2H · UT = Diag
(
m2h01
,m2h02
,m2h03
)
(2)
2. Experimental Results
In this analysis, we use two main collections of ex-
perimental data to constrain the parameter space: one
associated to Higgs observables and, the other, consist-
ing in indirect processes such as B → Xsγ, Bs → μ+μ−
and the top decay, t → H+b. The diphoton channel is
one of the main channels for the observed Higgs signal
at the LHC while, in contrast, the ττ¯ channel plays the
most important role constraining the presence of addi-
tional MSSM Higgs-states. In both cases the magnitude
used to present the results is the signal strength, deﬁned
as:
μX =
σ(pp→ h) × BR(h→ X)
σ(pp→ h)S M × BR(h→ X)S M (3)
where μx = 0 corresponds to background-only hy-
pothesis while μx = 1 is associated to a SM Higgs
signal. For the γγ decay channel, the measured signal
strength by ATLAS [3] and CMS [4] is:
μATLASγγ = 1.6 ± 0.3 μCMSγγ = 0.78+0.28−0.26 (4)
and the combined result at 2σ will be:
0.75 ≤ μLHCγγ ≤ 1.55 (5)
Considering the ττ¯ decay channel, the strongest
bound for masses up to 150 GeV is set by CMS [5],
Fig.1, with data samples of 4.9 fb−1 at 7 TeV and
19.4 fb−1 at 8 TeV. For masses above that, there is a pre-
vious study carried out by ATLAS [6] with 4.9 fb−1 at
7 TeV for masses up to 500 GeV, Fig.2, and a more re-
cent analysis by CMS [7], Fig.3 and Fig.4, with masses
up to 1 TeV with 4.9 fb−1 at
√
s = 7 TeV and 19.7 fb−1
at
√
s = 8 TeV. As the ATLAS bound is expected to be
improved shortly, we focused our attention on the lat-
est CMS limits. Herein the dominant Higgs production
mode is speciﬁed: in Fig.3, where no b-tagged jet is re-
quired, the most sensitive channel is the gluon fusion
process whereas in Fig.4, where at least one b-tagged
jet is required, the production will be mainly given in
association with b-quarks.
Figure 1: CMS combined observed 95% C.L. upper limit on the signal
strength parameter together with the expected limit for the ττ¯ channel.
Concerning the ﬂavour decays, Bs → μ+μ− is one
of the low energy processes included in the analysis.
In this case, the latest experimental results come from
LHCb [8, 9] with 1.1 fb−1 at 8 TeV and 1.0 fb−1 at 7
TeV and CMS [10]:
BR(Bs → μ+μ−) = (2.9+1.1−1.0) × 10−9 (6)
BR(Bs → μ+μ−) = (3.0+1.0−0.9) × 10−9 (7)
Another important indirect constraint is B → Xsγ.
Its experimental value is provided by BaBar and Belle
B-factories and CLEO [11, 12, 13, 14, 15, 16] being the
HFAG [17, 18] current world average for Eγ > 1.6 GeV:
BR(B→ Xsγ) = (3.43 ± 0.21 ± 0.07) × 10−4 (8)
so that at 95% C.L. the valid range will be:
2.99 ≤ BR(B→ Xsγ) × 104 ≤ 3.87 (9)
Finally, there is a convenient light charged-Higgs stu-
dio performed by ATLAS [19] with masses up to 150
GeV which we also incorporated in the analysis, Fig.5.
M.L. Lopez-Ibañez / Nuclear and Particle Physics Proceedings 273–275 (2016) 522–527 523
 [GeV]φm
100 150 200 250 300 350 400 450 500
) [p
b]
μμ/ττ
→φ
 
BR
(
×
 φ
σ
95
%
 C
L 
u
pp
er
 li
m
it 
o
n
 
-210
-110
1
10
210
 PreliminaryATLAS
 = 7 TeVs
-1
 Ldt = 4.7 - 4.8 fb∫
ττ→φ
μμ→φ
 CLsφ →Observed bb
φ →Expected bb
 CLsφ →Observed gg
φ →Expected gg
φ → bbσ 1±
φ → bbσ 2±
Figure 2: ATLAS expected and observed 95% C.L. limits on the
cross-section for the gluon-fusion and b-associated Higgs boson pro-
duction times the branching ratio into τ pairs.
3. Model Analysis
For the analysis, we ﬁrstly ﬁx the lightest Higgs
mass at 126 GeV and divide the parameter space into
two regions: one for light extra Higgs states, mh02,3 ≤
mH+ ≤ mt, and the other, for heavy extra Higgs states,
mt < mh02,h03 ≤ mH+ . Then, we look at the diphoton chan-
nel in order to get a condition over the Higgs mixing
matrix. Once it is obtained, we compare it to the rest of
experimental constraints to scrutinise the compatibility
among them.
3.1. Light extra Higgs states
Considering the γγ decay channel for the lightest
Higgs, the diphoton production cross section is given
by:
σγγ = σ(pp→ h01) ×
Γ(h01 → γγ)
Γ(h01)
(10)
where the Higgs production cross section will be
given mainly by the gluon fusion process, and the bb¯
fusion process in the case of large values of tan β [1, 2].
The total decay width will be dominated by the de-
cay into W bosons together with decays into down-type
fermions, once more tan β enhanced. Finally, the dipho-
ton experimental constraints, as we can see in Eq.(5),
will require σMSS Mγγ ∼ σS Mγγ .
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Figure 3: CMS 95% C.L. upper limit on the cross-section for the
gluon-fusion Higgs boson production times the branching ratio into
τ pairs at
√
s = 8 TeV.
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Figure 4: CMS 95% C.L. upper limit on the cross-section for the b-
associated Higgs boson production times the branching ratio into τ
pairs at
√
s = 8 TeV.
M.L. Lopez-Ibañez / Nuclear and Particle Physics Proceedings 273–275 (2016) 522–527524
 [GeV]+Hm
90 100 110 120 130 140 150 160
+
 b
H
→
t
B
-210
-110
Observed CLs
Expected
σ 1±
σ 2±
ATLAS Preliminary Data 2012
 = 8 TeVs
-1
Ldt = 19.5 fb∫
Figure 5: ATLAS expected and observed 95% C.L. upper limits for
the light charged-Higgs boson searches.
The next formulae, Eq.(11) and Eq.(12), are our ap-
proximate expressions for the Higgs production cross
section and the γγ branching ratio:
σLO(pp→ h01) 
[
13 U212 −
1.5 tan β
1 + κd tan β
U12U11
+
0.1 tan2 β
(1 + κd tan β)2
U211
+
(
2
1 + κd tan β
+
0.1 tan2 β
(1 + κd tan β)2
+
27
tan2 β
)
U213
]
+ 0.16
tan2 β
(1 + κd tan β)2
(
|U11|2 + |U13|2
)
; (11)
BR(h01 → γγ) 
4.65 × 10−3
[
|S γ/6.5|2 + |Pγ/6.5|2
]
(U211 +U213) tan2 β + 0.38
(
U12 + U11tan β
)2 (12)
where S γ and Pγ are the two contributions, scalar and
pseudoscalar, in the γγ decay width. Looking carefully
at these two equations, our conclusion is straightfor-
ward: the only way of reproducing the measured sig-
nal is by means of suppressing as much as possible the
mixing elementsU11 andU13. This way, the dominant
term in the production cross section will be the top-loop
in the gluon fusion process, such as in the SM, mean-
while the branching ratio will remain order SM due to
the suppression of the tan2 β term in the denominator.
Fig.6 conﬁrms this result. In this plot we represent the
signal strength for the diphoton channel versus U12. It
is clear from here that a diphoton cross section similar
to the SM demands U12 ∼ 1. That implies our lightest
Higgs will be predominantly up-type and accordingly:
U12  1 =⇒ U11,U13  1/tan β (13)
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Figure 6: Diphoton signal strength versus the Higgs up mixing com-
ponent, U12, within a generalised MSSM model. Cyan color is for
tanβ ≤ 5 values, magenta color for 5 ≤ tan β ≤ 10, blue color for
10 ≤ tan β ≤ 30 and red color for tan β ≥ 30
However, this mixing condition has another forthright
consequence. Whereas the lightest Higgs reduces as
much as possible its down-type component, the heav-
ier states, h02 and h
0
3, will inherit it in such a way that:
Ui2  1/tan β =⇒
(
|Ui1|2 + |Ui3|2
)
 1 (14)
The size of the Ui1, Ui3 mixing elements (with i =
2, 3) is the reason why the ττ¯ channel must be revised,
since some disagreement may show up for these heavy
states. Taking into account Eq.(14), the decay width into
two τ leptons can be written as:
Γ
(
h0a → τ+τ−
)
 g
2m2τmha
32πM2W
tan2 β (15)
On the other hand, the total decay width will be now
dominated by the decay into down-type fermions and,
therefore, once again using Eq.(14), the approximate ex-
pression will be:
Γ
(
h0a
)
 g
2mha
32πM2W
(3 m2b + m
2
τ) tan
2 β (16)
It is easy to see, from Eq.(15) and Eq.(16), that the
branching ratio will be tan β independent. In contrast,
the production cross section, Eq.(17), will be now dom-
inated by the bb¯ fusion process and the b-loop in the
gluon fusion process, both tan β enhanced:
σ(pp→ h0a) 
[
0.07
(
τhadLbb/dτha
1000pb
)
+0.04
(
τhadLgg/dτha
1.1 · 106pb
)]
tan2 β
(1 + κd tan β)2
pb (17)
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Figure 7: Light Higgs spectrum: allowed points in the parameter
space. All points fulﬁll Eq.(5) referring to the diphoton signal plus
the ATLAS and CMS ττ¯ limits. Blue points, in addition, satisfy the
ATLAS bounds for the light charged-Higgs boson searches.
where τhi = m
2
hi
/s, and the gluon and bb¯ luminosities
at mhi = 150 GeV have been used.
In conclusion, we observe that the total ττ¯ production
cross section is dependent on tan2 β and, consequently,
for medium and large tan β values the limits in this chan-
nel turn out to be a very stringent bound. Regarding
Fig.7, it is apparent that only low tan β points survive.
However, at this point, not all our experimental con-
straints have been employed. In particular, the low en-
ergy process B → Xsγ becomes the strongest bound
precisely in this low tan β regimen. The branching ratio
for this process can be written as [20, 21, 22, 23]:
BR(B→ Xsγ) =
[
a + a77δC27 + a88δC28 + Re(a7δC7)
+Re(a8δC8) + Re(a78δC7δC∗8)
]
(18)
where a = 3.0 × 10−4 is the SM contribution,
a77, a88, a7, a8and a78 are numerical coeﬃcients which
can be found in [22] and δC7,8 are the Wilson coeﬃ-
cients containing the charged-Higgs and stop-chargino
loop contributions. At low tan β, this branching ra-
tio receives a sizeable contribution from the charged-
Higgs that cannot be compensated by the stop-chargino
term. This way, the branching ratio grows above the ex-
perimental limit restricting greatly the parameter space.
Looking at Fig.7, we can appreciate the eﬀect of this
low energy process: while red points result in being
ruled out due to the imposition of the top decay lim-
its from ATLAS, blue points still live through these
bounds. However, when the accomplishment of the
B → Xsγ condition is required, Eq.(9), all points turn
out to be excluded.
3.2. Heavy extra Higgs states
The second part of the analysis consists on apply-
ing the same constraints to the heavy masses regimen.
Note that, for these range of masses, the scenario is
completely equivalent to the usual MSSM decoupling
limit. Contrary to the previous case, an important dif-
ference arises here: now new decay channels are acces-
sible and therefore the eﬀectiveness of the most accurate
weapon, the ττ¯ signal strength, become rather reduced.
Some of the new channels which emerge in this case
are: hi → WW, hi → ZZ, hi → h jhk, hi → h jZ or
H+ → h jW+.
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Figure 8: Heavy Higgs spectrum: allowed points in the parameter
space after imposing experimental constraints. All points accomplish
Eq.(5) referring to the diphoton signal plus the ATLAS ττ¯ limits and
indirect constraints. Blue points, in addition, fulﬁll the recent CMS
bounds in the ττ¯ channel.
In Fig.8, we can see how constrained the parame-
ter space is when ττ¯ ATLAS searches are employed in
the analysis. All those points, blue and yellow, satisfy
the indirect constraints and also reproduce correctly the
diphoton peak. As we can see there, for low tan β values
there is a small region up to 350 GeV that result in being
ruled out. This is mainly due to the indirect constraint
B → Xsγ. On the other hand, for medium and large
tan β values, it can be noticed that the ττ¯ lepton chan-
nel is still very useful in achieving the exclusion of an
important area for Higgs masses from 250 GeV to 600
GeV for increasing values of tan β. As a matter of fact,
at this tan β values, the situation improves when CMS
searches are taken into account. Now yellow points turn
out to be excluded and only the blue area survive the
bounds. From here, we can stablish a global lower limit
at 250 GeV for any extra Higgs state. The expectation
is that this limit will be better when ATLAS searches in
the ττ¯ channel will be updated, setting it in 300 GeV
approximately.
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4. Summary
Our conclusion for both the light and the heavy Higgs
spectrum is conclusive: it seems to be evident that the
diphoton channel together with the ττ¯ data and the indi-
rect process B → Xsγ are enough to rule out the possi-
bility of a light Higgs spectrum; being included here the
case of a second resonance at 136 GeV. Secondly, the
latest CMS results have been very eﬀective in discard-
ing a signiﬁcant region in the MSSM parameter space;
in fact, mh02  250 GeV is absolutely needed and this
bound is higher for lower and larger tan β values. How-
ever, as it has been said before, a better bound is ex-
pected once ATLAS ττ¯ data will be brought up to date;
it would probably allow us to eliminate masses below
300 GeV. Finally, it is important to highlight that the
combination of the latest experimental searches with
indirect constraints has been the basis of this analysis
and has resulted in an excellent weapon to search for
additional Higgs states. Similarly, the use of a semi-
analytic approach is a powerful technique which pro-
vides a much better understanding on the physics of the
model apart from the usual scans.
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